Illumination of a chick's eye allows light to pass through to the retina of the contralateral eye. Electroretinographic (ERG) recording employing the scalp or comb as a reference results in shorter implicit time, higher amplitude and lower sensitivity during the day than during the night in a light:dark (LD) cycle and in constant darkness (DD). ERG recordings employing the contralateral eye as reference abolishes rhythmicity or reverses the phase angle (higher amplitudes at night). This is probably due to light transmission through the eyes to elicit visual responses in the reference. The contralateral eye is a poor choice for reference in birds and obscures physiological analyses of clock control of vision.
Introduction
The visual system and circadian clock of many invertebrate and vertebrate species are integrally related (Pittendrigh, 1981a; Cassone, Brooks, Hodges, Kelm, Lu & Warren, 1992) . Certainly, light and its perception are the major temporal cues (Zeitgebers) entraining circadian patterns of behavior, physiology and biochemistry (Pittendrigh, 1981b) . Understanding photoreception and visual processing of photic information in the specialized clock structures of the retina and brain are therefore important for the understanding of the circadian clock (Foster, Grace, Provencio, Degrip & Garcia-Fernandez, 1994; Rea, 1998) . However, there is increasing evidence that the circadian clock also regulates visual system function (Terman & Terman, 1985; Remè, Wirz-Justice & Terman, 1991; Cassone et al., 1992) . It is likely that the adaptive significance of circadian regulation of visual processes is that certain visual phenomena must be fine-tuned to appropriate times of day for the particular temporal niche of the organism. Thus, for example, processes important for color vision and acuity in diurnal species are restricted to daylight hours, while high visual sensitivity is confined to times when light levels are low (i.e. night). If this regulation is similar to all other circadian properties, it is accomplished by maintaining a stable phase angle (or phase relationship) between the phase of the Zeitgeber (the light:dark (LD) cycle) and the phase of the internally driven rhythm, a process called entrainment (Pittendrigh, 1981b) .
To directly test whether the circadian system has a functional impact on the visual system, visual function has been assayed for rhythmicity by electroretinogram (ERG). The ERG is a very informative and reliable test of the quality and quantity of visual processing at the level of the retina (Dowling, 1987) . Briefly, the ERG is a complex visually evoked field potential. The first potential, the 'a-wave', reflects the combined hyper-polarization of the photoreceptors, and the second potential, the 'b-wave', represents the combined responses of the inner neural retina and the depolarization of the retinal glia, the Mü ller cells (Dowling, 1987) . The 'cwave ' and 'd-wave' are also important, but will not be discussed further here. Chick ERG b-wave amplitude is rhythmic on a daily and circadian basis such that amplitude is higher during the day than during the night (Schaeffel, Rohrer, Lemmer & Zrenner, 1991; Lu, Zoran & Cassone, 1995; McGoogan & Cassone, 1999) . Similar observations have been made in pigeons (Barattini, Battisti, Cervetto & Marroni, 1981) and diurnal mammals (Remé et al., 1991) , including humans (Hankins, Jones & Ruddock, 1998) . Taken together, these results strongly indicate the circadian system is a regulator of visual processing in the retina with a specifically timed and temporally appropriate phase angle.
Recently, however, Manglapus, Uchiyama, Buelow and Barlow (1998) and Manglapus, Iuvone, Underwood, Pierce and Barlow (1999) reported daily and circadian variations in the ERG of Japanese quail, but with the opposite phase angle. This group found that aand b-wave amplitude and a-wave implicit time were rhythmic, similar to the other groups, but that the amplitudes were lower and implicit times were longer during the day than during the night. It is possible that these differences were due to species-specific adaptations in the quail visual system and/or to differences in experimental protocol. These authors employed significantly different techniques. One that was of most interest to us was that, whereas others and we have placed the reference electrodes either in the scalp or comb of the birds, these authors surgically implanted a reference electrode in the contralateral eye from the photic stimulation. The purpose of this study was to determine whether the source of the discrepancy in the data was due to this difference by repeating the experiments using similar (but not identical) methods employed by both sets of researchers simultaneously in the same animals.
Methods

Animals
Male White Leghorn chickens (Gallus domesticus) were obtained on the first day post-hatch (Hy-Line International, Bryan, TX) and kept in heated brooders on a 12:12 h LD cycle (lights on at 06:00 h and lights off at 18:00 h CST). When the chicks were 3 -4 weeks old they were moved to larger cages where they were housed individually. Food and water were constantly available. To place chicks in constant darkness (DD), room lights were disabled at the end of the light period and recordings began the following subjective day.
Measurement of transmittance
A 3-week-old chick was deeply anesthetized with an intramuscular injection of 50 mg/kg pentobarbital, and the left cornea, lens, iris, and vitreous were surgically removed. A photometric probe was placed on the surface of the exposed retina. The right cornea was then illuminated with a fiberoptic 500 W tungsten lamp fitted with a 511 nm monochromatic light filter (PTR Optics). Light wavelength and intensity delivered at 1 cm and transmitted through tissue (over the same 1 cm) were measured using a Gamma 2400SR spectroradiometer system for which a Gamma RS70-2 standard lamp was used for calibration (Takahashi, DeCoursey, Bauman & Menaker, 1984) . Wavelength of both the delivered and transmitted light at 1 cm was plotted against intensity.
ERG recordings
Birds were anesthetized with a drug cocktail containing 90% ketamine and 10% xylazine (Sigma Chemical Co., St. Louis, MO) given as an intramuscular injection at a dose of 100 mg/kg body weight. Once anesthetized, chicks were immobilized in a stereotaxic instrument (Stoelting, Wood Dale, IL). A 3-mm active gold cup electrode (Astro-Med, Inc., West Warwick, RI), was placed on the inferior surface of the right, or experimental, eye and a ground needle electrode was inserted into the breast muscle. Room lights were turned off during this procedure, which was performed under a dim red light, and birds were allowed to sit in darkness for several minutes before recording. To record using the Manglapus et al. (1998 Manglapus et al. ( , 1999 method, an additional 3-mm gold cup electrode was placed on the inferior surface of the left, or contralateral, eye to serve as the reference electrode. To prevent stray light from entering this reference eye through the eyelid, it was covered with black electrical tape. To record using the method employed by Schaeffel et al. (1991) and this laboratory (Lu et al., 1995; McGoogan & Cassone, 1999) , a needle electrode was inserted into the comb to serve as the reference. A photostimulator (Astro-Med) was placed 10 cm from the corneal surface of the right eye. The intensity of the 10 ms white light stimulus was controlled with a series of neutral density filter combinations (Bogen Photo Corp., Ramsey, NJ). Light intensity was measured with a Biospherical Instruments (San Diego, CA) QSL-100 radiometer. The electrodes were connected through amplifiers and an analog to digital converter (MacLab, Milford, MA) to a Power Macintosh computer. Using each method, five ERGs were recorded and averaged for each bird at each timepoint at each light intensity using Scope software (MacLab).
This procedure was performed on 5 chicks at midday (Zeitgeber Time 6; ZT6). Birds were allowed to recover in their home cages. Birds typically recovered from anesthesia within 1 h of the initial injection. Then, at midnight (ZT18), these same birds were anesthetized again, placed in the stereotaxic instrument as described above and stimulus-response characteristics were tested exactly as at ZT6. Since previous work (Lu et al., 1995;  unpublished) has indicated there is no effect of the order in which recordings are made, we performed all recordings in sequence of ZT6 and then ZT18.
The same procedure was performed on an additional five chicks in DD at mid-subjective day (Circadian Time; CT6) and mid-subjective night (CT18). In this case, birds were placed in complete darkness by disabling the timed lighting within the room at 'lights off' (06:00 h CST; CT12). Then, 6 h after lights would have come on the following day (noon CST; CT6), birds were anesthetized, and recordings were performed as described above. Similarly, birds were anesthetized for recordings at CT18 (midnight CST).
Statistical analysis
In all cases, a-wave amplitude was measured as the absolute value of the voltage of the a-wave relative to zero, where a-wave was defined as the lowest value of the first potential change after stimulus. B-wave amplitude was measured as the absolute value of the total voltage difference from the trough of the a-wave to the peak of the b-wave, where b-wave was defined as the highest value of the potential change immediately following the a-wave. Implicit time was measured as the time from the onset of the stimulus to the peak voltage. The response amplitudes and response implicit times of both the a-and b-waves were averaged over all birds at each time. The average response amplitudes and the average response implicit times at each time were plotted against the log stimulus intensity to create intensityresponse curves. Averages of the amplitudes at the higher intensity stimuli and of the implicit times at all stimulus intensities were plotted against time of day to produce amplitude and implicit time curves, respectively. To produce sensitivity curves the value of the log stimulus intensity required to elicit half-maximal response amplitude was calculated and called EI 50 , or median efficacious intensity. Sensitivity values were calculated by first adjusting for the change in response amplitude over time of day by calculating the percent of the maximal response for all intensity response amplitude data. Multiple regression analysis was then run on these percentage data for both a-and b-waves of each individual bird at each time. A second order regression model was used for all a-and b-wave data. From the regression equation calculated for each bird at each time, EI 50 values were derived. For sensitivity curves EI 50 was plotted against time of day. Note that lower EI 50 values actually reflect higher sensitivities.
All statistical analysis was performed with SAS statistical analysis software (SAS Institute, Inc., Cary, NC). All points represent averages of the responses of n=5 animals 9standard error of the mean (SEM). Amplitudes, implicit times, and sensitivities were compared over time of day using the non-parametric Kruskal-Wallis and the non-parametric post-hoc Mann-Whitney U-tests. In all cases the PB 0.05 level was used to determine significance.
Results
As expected, light passed through the cornea, lens and retina of the directly illuminated eye. However, it also passed through the pigmented epithelium and sclera of the illuminated eye, the septum, and the sclera, pigmented epithelium, and retina of the contralateral eye. The light, in passing through these tissues, was only attenuated by approximately 2 log units. The peak-transmitted wavelength was 511 nm, similar to the monochromatic filter. Fig. 1 shows ERG recordings taken from one representative chick at midday and at midnight using both recording methods. This bird was not among the birds included in the quantification below. When recording using the contralateral eye (left) as the site of reference electrode placement, ERGs were recorded from the right, experimental eye (Fig. 1A) . No electrical potential changes could be detected from the comb with this configuration (Fig. 1A) . When the comb was used as the reference, ERGs were recorded not only from the experimental eye, but also from the contralateral eye (Fig. 1B) . The amplitudes increased and implicit times decreased when stimulus intensity was increased using both electrode placements.
The quantified, composite data of five birds indicate that the choice of reference electrode placement significantly affects the response properties measured in the right, illuminated eye (Fig. 2) . The intensity response amplitude and implicit time data using the contralateral eye as the reference are depicted on the left ( Fig. 2A, C , E, G), and data acquired using the comb as the reference are on the right (Fig. 2B, D, F, H) . The intensity response amplitude of both the a-and b-waves ( Fig.  2A , B, C, D) increased with intensity in an approximately second order fashion. A-wave amplitude was, at the higher intensities, higher during the day than during the night using both techniques ( Fig. 2A, B) . Using the contralateral eye as the reference, b-wave amplitude was not significantly different during the day than during the night (Fig. 2C ), but by using the comb as the reference, amplitude was higher during the day than during the night at all of the higher intensities (Fig.  2D) . Intensity response implicit time characteristics were similar using both methods (Fig. 2E, F, G, H) . A-wave implicit time shortened linearly with increasing intensity and was shorter during the day than during the night at all light intensity stimuli, whether the comb or the contralateral eye was used as reference (Fig. 2E,  F) . The implicit time of the b-wave also shortened linearly with increasing intensity, but was only shorter during the day than during the night at the lower intensity stimuli (Fig. 2G, H) . This was also true for both reference electrode placements.
The ERG responses of the contralateral (left) eye were similar to those of the experimental eye with a few exceptions. The intensity response amplitude and implicit time curves were shifted almost 2 log units to the right (Fig. 2B, D, F, H) . Further, there was no rhythm in contralateral a-or b-wave amplitude (Fig. 2B, D) . The amplitude of the rhythm of a-and b-wave implicit time was much more pronounced (Fig. 2F, H) . Fig. 3 shows the b-wave intensity response amplitude data for one chick in which the phase of the rhythm in b-wave amplitude was reversed at high light intensities when the contralateral eye was used as a reference (Fig.  3A) . B-wave amplitude was higher during the night than during the day. In contrast, when the comb was used as reference, b-wave amplitude was higher during the day than during the night in both the experimental eye and the contralateral eye (Fig. 3B) . It is noteworthy that this bird exhibited a higher amplitude rhythm in b-wave amplitude in the contralateral eye than did the other birds, increasing the effect of the subtraction and, in this case, reversing the phase angle of the rhythm.
When the contralateral eye was used as the reference, a-wave amplitude was slightly higher during the day than during the night (Fig. 4A) and b-wave amplitude was not rhythmic (Fig. 4B) . The implicit times of both the a-and b-waves were rhythmic such that implicit time was shorter during the day than during the night (Fig. 4C, D) . No rhythm in either a-or b-wave sensitivity was found (Fig. 4E, F) . Fig. 1 . ERG recordings from a single chick at different times of day using the contralateral eye (A) or the comb (B) as the reference. In (A) electrode placement for using the contralateral eye as the reference is shown in the schematic. The comb was recorded from simultaneously by inserting both active and reference needle electrodes in to it. Using the contralateral eye as the reference ERGs were recorded, however, when the comb was recorded from, no visually evoked potentials were generated (A). In (B) electrode placement for using the comb as the reference is shown in the schematic. The contralateral eye was recorded from simultaneously also using the comb as a reference. ERGs were elicited in both the experimental eye and the contralateral eye, though those elicited in the contralateral eye were clearly of a lower amplitude and longer implicit time (B). Fig. 2 . Composite intensity-response data from five chicks at different times of day in LD using the contralateral eye and comb as reference. The intensity-response amplitude and implicit time data using the contralateral eye as the reference are depicted on the left (A, C, E, G) and data acquired using the comb as the reference are on the right (B, D, F, H). The response amplitude of the a-wave (A, B) increased with increasing intensity and at higher intensities was higher during the day than during the night. The intensity-response amplitude of the b-wave (C, D) also increased with intensity and at the higher intensities was higher during the day than during the night when the comb was used as the reference (D), but was not different when the contralateral eye was used as the reference (C). Intensity-response implicit time characteristics were similar with both methods (E, F, G, H). A-wave implicit time shortened with increasing intensity and was shorter during the day than during the night at all light intensities (E, F). The implicit time of the b-wave also shortened with increasing intensity, but was only shorter during the day than during the night at the lower intensities (G, H). The ERG responses of the contralateral eye were similar to those of the experimental eye with a few exceptions, however, the curves were shifted almost 2 whole log units to the right (B, D, F, H).
When the comb was used as the reference, a-and b-wave amplitudes were both rhythmic such that amplitude was higher during the day than during the night (Fig. 5A, B) . Implicit time of the a-wave of both eyes was shorter during the day than during the night (Fig.  5C ). However, b-wave implicit time in the right, illuminated eye was not rhythmic (Fig. 5D ), but in the contralateral eye, b-wave implicit time was shorter during the day than during the night (Fig. 5D) . The a-wave was rhythmic in sensitivity such that it was more sensitive during the night than during the day (Fig. 6E) , but there was no rhythm in b-wave sensitivity (Fig. 5F ). Fig. 6 shows the quantified composite data of five birds in DD. These data also strongly suggest that the placement of the reference electrode affects the ERG parameters measured. The intensity response amplitude and implicit time data obtained with the reference electrode placed in the contralateral eye are depicted on the left (Fig. 6A, C , E, G) and that obtained with the reference in the comb are on the right (Fig. 6B, D, F,  H) . Just as in LD, in DD the intensity response amplitude of both waves increased in an approximately second order manner and the intensity response implicit time of both waves increased in a linear manner with increasing intensity. Using the contralateral eye as the reference, neither response amplitude nor response implicit time of either the a-or b-waves was rhythmic. In contrast, at the higher intensities both a-and b-wave Fig. 3 . The b-wave amplitude phase angle reversed in one of five chicks by recording with the reference in the contralateral eye. B-wave intensity-response amplitude data show that at the higher intensities, b-wave amplitude was higher during the night than during the day (A). When the comb was used as the reference in the same chick, b-wave amplitude was higher during the day than during the night in both the experimental eye and the contralateral eye (B). Fig. 4 . Amplitude, implicit time, and sensitivity in LD using the contralateral eye as the reference. When the contralateral eye was used as the site of reference electrode placement, a-and b-wave amplitudes (A, B) were higher during the day than during the night. The implicit time of both the a-and b-waves (C, D) were rhythmic such that implicit times were higher during the night than during the day. B-wave sensitivity (F) was rhythmic such that sensitivity was greater during the night than during the day. A-wave sensitivity (E) was also greater during the night than during the day, but the difference was not statistically significant. Note that lower EI 50 values actually reflect higher sensitivities. (* indicates statistically significant difference compared to values obtained at ZT6.) Fig. 5 . Amplitude, implicit time, and sensitivity in LD using the comb as the reference. When the comb was used as the site of reference electrode placement, a-and b-wave amplitudes (A, B) were rhythmic such that amplitude was higher during the day than during the night. A-wave implicit time (C) was rhythmic such that implicit time was shorter during the day than during the night. B-wave implicit time (D) was also rhythmic with the same phase angle, however, the time of day difference was not statistically significant. The a-wave was rhythmic in sensitivity (E) such that it was more sensitive during the night than during the day, but there was no rhythm in b-wave sensitivity (F). The implicit times of the a-and b-waves (C, D) and the sensitivity of the a-wave (E) were all rhythmic in the contralateral eye with the same phase angle. Note that lower EI 50 values actually reflect higher sensitivities. (*indicates statistically significant difference compared to values obtained at ZT6.) amplitudes and a-and b-wave implicit times were rhythmic such that amplitude was higher and implicit time was shorter during the subjective day than during the subjective night. In the contralateral eye, a-wave amplitude was not rhythmic, but b-wave amplitude and a-and b-wave implicit time were rhythmic with a similar phase angle.
While no rhythms persisted in DD if the contralateral eye was used as reference (Fig. 6A, C, E, G) , the higher amplitude rhythms persisted in DD when the reference electrode was placed in the comb (Fig. 6B, D, F, H;  Fig. 7) . These rhythms included a-wave amplitude in the right, experimental eye (Fig. 7A) and a-and b-wave implicit time in both eyes (Fig. 7C, D) . B-wave amplitude (Fig. 7B ) was rhythmic in both eyes though the rhythm was only statistically significant in the contralateral eye. Although a-wave sensitivity appeared to be higher during subjective night (Fig. 7E) , this rhythm was not statistically significant. Similarly, b-wave sensitivity (Fig. 7F) was not rhythmic. Just as observed in LD with the reference in the comb, the phase angles of these rhythms were that of higher amplitude, shorter implicit time, and, albeit insignificant, lower sensitivity during the subjective day than during the subjective night.
Discussion
In summary, the data indicate that there are daily and circadian rhythms in retinal response properties as measured by ERG in the chick. The phase angle of these rhythms to the LD cycle was that of higher amplitude, shorter implicit time, and lower sensitivity during the day than during the night. Furthermore, rhythms of a-and b-wave amplitude and implicit time persisted in DD with a similar phase angle to that observed in LD. These data clearly reaffirm that the rhythms in ERG amplitude and implicit time are not due to light and dark adaptation, even though the differences between night recordings and those taken during the day appear similar to changes associated with adaptation to photic conditions. Rather, the data are consistent with the view that there is an internal temporal program regulating the chick's retinal responses to light on a daily and circadian basis.
We have further found that positioning of the reference electrode on the contralateral eye affects the amplitude of daily ERG rhythms; it is depressed as compared to having the comb as reference, and in one animal, the phase angle is reversed. The cause of this, we believe, is that light stimuli delivered to the experimental eye pass through the bird's head and shine on the contralateral retina. This transmitted light, though Fig. 6 . Composite intensity-response data from five chicks at different times of day in DD using the contralateral eye and comb as reference. The intensity-response amplitude and implicit time data using the contralateral eye as the reference are depicted on the left (A, C, E, G) and data acquired using the comb as the reference are on the right (B, D, F, H). The response amplitude of the a-wave (A, B) increased with increasing intensity and at higher intensity was higher during the subjective day than during the subjective night. The intensity-response amplitude of the b-wave (C, D) also increased with intensity and at the higher intensities was higher during the subjective day than during the subjective night when the comb was used as the reference (D), but was not different when the contralateral eye was used as the reference (C). Intensity-response implicit time characteristics were similar with both methods (E, F, G, H). A-wave implicit time shortened with increasing intensity and was shorter during the subjective day than during the subjective night at all light intensities (E, F). The implicit time of the b-wave also shortened with increasing intensity, but was only shorter during the subjective day than during the subjective night at the lower intensities (G, H). The ERG responses of the contralateral eye were similar to those of the experimental eye with a few exceptions, however, the curves were shifted almost 2 whole log units to the right (B, D, F, H). Fig. 7 . Amplitude, implicit time, and sensitivity in DD using the comb as the reference. A-wave amplitude (A) was rhythmic such that amplitude was higher during the subjective day than during the subjective night. B-wave amplitude (B) was also rhythmic with the same phase angle, but was not statistically significant. The implicit times of both the a-and b-waves (C, D) were rhythmic such that implicit time was shorter during the subjective day than during the subjective night. Neither the a-nor the b-wave had a statistically significant rhythm in sensitivity (E, F). The contralateral eye was rhythmic in b-wave amplitude (B) and a-and b-wave implicit time (C, D) such that amplitude was higher and implicit time was shorter during the subjective day than during the subjective night. Note that lower EI 50 values actually reflect higher sensitivities. (* indicates statistically significant difference compared to values obtained at CT6.) attenuated by almost two orders of magnitude, elicits an ERG response in the contralateral retina. In some animals at the highest light stimulus intensities this ERG is rhythmic in a-and b-wave amplitude and implicit time. Due to the placement of the reference electrode by Manglapus et al. (1998 Manglapus et al. ( , 1999 , the ERG elicited in the contralateral, reference retina affects that elicited in the experimental retina, and thus the overall response is of lower amplitude and the amplitude of the rhythm is depressed. In the animal in which the contralateral ERG b-wave amplitude had a high amplitude rhythm, this reference electrode response reversed the phase angle of the rhythm such that b-wave amplitude was higher during the night than during the day, similar to that observed by Manglapus et al. (1998 Manglapus et al. ( , 1999 .
There were several differences in the way in which ERGs were recorded in the present study using the contralateral eye as reference and the way in which ERGs were recorded in Manglapus et al. (1998 Manglapus et al. ( , 1999 .
The first of these is that the present study employed chicks while Manglapus et al. (1998 Manglapus et al. ( , 1999 employed Japanese quail, and this difference may certainly contribute to the discrepancies. The head and eye of Japanese quail, for example, are much smaller than are in a 3 week-old chick; it is possible that the amount of light transmitted to the contralateral eye may have been even greater than was found in the present study. This may result in a greater response in the contralateral eye and thus a larger decrease in the actively measured ERG. Secondly, in the present study the contralateral eye was covered with black electrical tape to prevent any stray light from entering through the eyelid. In Manglapus et al. (1998 Manglapus et al. ( , 1999 , the eyelid was sutured over the electrode. The level of peripheral transmittance of light through the sutured eyelids cannot at this point be determined, but this may also have contributed to differences in results. Thirdly, Manglapus et al. (1998 Manglapus et al. ( , 1999 employed surgically implanted electrodes in both eyes, while we apposed our electrodes to the inferior corneal surface. Fourth, the present study and most other studies employed many more individual birds than did Manglapus et al. (1998) , who report data from three birds. It is important to note that in this study, one of five birds in LD and several birds in DD reversed phase angle by changing the protocol (Figs. 3  and 6C ). The fifth difference is in the choice of anesthetic. Here we employ a cocktail of ketamine and xylazine, while Manglapus et al. (1998 Manglapus et al. ( , 1999 used urethane. However, our first published observations on chick ERG rhythms (Lu et al., 1995) employed urethane, and that study found a phase angle identical to that shown here with the comb as the reference.
The phase angles of ERG amplitude, implicit time, and sensitivity rhythms to the LD cycle described here, previously by this laboratory (Lu et al., 1995; McGoogan & Cassone, 1999) , and elsewhere (Barattini et al. 1981; Schaeffel et al., 1991; Shaw, Collazo, Easterling, Young & Karwoski, 1993; Hankins et al., 1998; Miranda-Anaya, Bartell, Yamazaki & Menaker, 2000) in several species are consistent with a phenomenon known as the Purkinje shift. Retinal Purkinje shift is defined as alternating activity and inactivity of rod and cone photoreceptors such that rods are active during the night (or in a dark-adapted retina) while cones are active during the day (or in a light-adapted retina; Davson, 1990) . In chickens, pigeons, quail, and most diurnal species, the retinal photoreceptor complement is dominated by cones (Bowmaker, Heath, Wilkie & Hunt, 1997) . Amplitude of response likely corresponds to the sum of active, photoresponsive units. Thus, higher amplitude ERG during the day than during the night probably reflects the greater abundance of cones, active during the day. In addition to amplitude, implicit time of response is different for rods and cones. Rods display long integration times, summating and amplifying photic stimulation. By contrast, cones typically have very short response times (Tessier-Lavigne, 1991) . In the present study, implicit times were shorter during the day than during the night because fast, numerous cones were active during the day and slow, less numerous rods were active during the night. Finally, sensitivity is greater when rods are active during the night, and rods are known to be more sensitive than cones (Tessier-Lavigne, 1991) .
The mechanisms for the circadian temporal program regulating retinal function are not entirely understood. The avian circadian clock is a complex of multiple circadian oscillators located in the pineal gland, retina and hypothalamus, which are synchronized to local time by photoreceptors located in the retinae, pineal and brain (Cassone & Lu, 1994) . These oscillators interact in a dynamic fashion to effect overt circadian rhythmicity via a number of known and as yet undiscovered neural and endocrine pathways. Perhaps, the best known of these pathways is the circadian synthesis and secretion of melatonin by photoreceptive elements of the pineal gland and retina (Bernard, Iuvone, Cassone, Roseboom, Coon & Klein, 1997) . These components synthesize melatonin on a daily and circadian basis such that levels are high during the night and low during the day in a synchronous fashion. However, the melatonin-generating systems in each retina and the pineal gland respond to light independently (Binkley, Reilly & Hernandez, 1980) . It is likely that retinal oscillators within the photoreceptors are largely responsible for circadian regulation via their circadian secretion of melatonin, although pineal melatonin may contribute to this process. First, the chick retina contains all three melatonin receptor sub-types, Mel 1A , Mel 1B and Mel 1C (Reppert, Weaver, Cassone, Godson & Kolakowski, 1995) , so that sites for melatonin action within the eye exist. Second, exogenous melatonin affects chick ERG's. Systemic injections of melatonin decrease b-wave amplitude transiently (Lu et al., 1995) , and tonic administration of melatonin in Silastic capsules abolishes ERG rhythms in DD (McGoogan & Cassone, 1999) , supporting the view that retinal melatonin may be involved in this regulation in chicks. However, pinealectomy also affects ERG rhythms, albeit not as completely as does tonic melatonin (McGoogan & Cassone, 1999) , suggesting systemic melatonin rhythms may contribute to the circadian regulation of retinal responses. In contrast, Manglapus et al. (1999) report no effect of melatonin on quail ERG. However, if the hormone reaches both eyes, and the reference eye is affected equally, then any effect of the hormone would likely be lost due to this electrode arrangement. Therefore, in addition to accounting for data discrepancies, this simple methodological difference may affect further physiological investigation of circadian function within the avian visual system. In summary, the chick retina is regulated by a temporal program of a daily and circadian Purkinje shift as evidenced by high amplitude, short implicit time, and low sensitivity ERGs during the day and subjective day when cones are active and low amplitude, long implicit time, and high sensitivity ERGs during the night and subjective night when rods are active. This model is supported by studies in Anolis lizard (Shaw et al., 1993) , iguana (Miranda-Anaya et al., 2000) , chicken (Schaeffel et al., 1991; Lu et al., 1995; McGoogan & Cassone, 1999) , domestic pigeon (Barattini et al., 1981) , rabbit (Remè et al., 1991) , and human (Hankins et al., 1998) , all of which report the same phase angles of these ERG parameters. Importantly, however, the present study strongly indicates that in species whose eyes are closely apposed, as are most bird species, the contralateral eye is not a very good choice for reference electrode placement.
